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Abstract 
The specificity of molecular recognition is important to molecular self-organization. A 
prominent example is the biological cell where, within a highly crowded molecular 
environment, a myriad of different molecular receptor pairs recognize their binding partner 
with astonishing accuracy. In thermal equilibrium it is usually admitted that the affinity of 
recognizer pairs only depends on the nature of the two binding molecules. Accordingly, 
Boltzmann factors of binding energy differences relate the molecular affinities among 
different target molecules that compete for the same probe. Here, we consider the molecular 
recognition of short DNA oligonucleotide single strands. We show that a better matching 
oligonucleotide can prevail against a disproportionally more concentrated competitor that 
exhibits reduced affinity due to a mismatch. The magnitude of deviation from the simple 
picture above may reach several orders of magnitude. We investigate the situation using 
fluorescence based techniques, among them Förster resonance energy transfer (FRET), total 
internal reflection fluorescence excitation (TIRF) as well as fluorescence correlation 
spectroscopy (FCS). In our experiments the effective molecular affinity of a given strand 
remains elevated only as long as the better matching competitor is not present. The presence 
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of a third molecule (the competitor) creates a different thermodynamic situation. We interpret 
our observations based on an energy-barrier of entropic origin that occurs if two competing 
oligonucleotide strands occupy the same probe simultaneously. In this situation the relative 
binding affinities are reduced asymmetrically, which leads to an expression of the free energy 
landscape that represents a formal analogue of a Landau description of phase transitions. Our 
mean field description reproduces the observations in quantitative agreement. The advantage 
of improved molecular recognition comes at no energetic cost other than the design of the 
molecular ensemble, and the introduction of the competitor. As a possible application, binding 
assays for the detection of single nucleotide polymorphisms in DNA strands could be 
improved by adding competing strands. It will be interesting to see if mechanisms along 
similar lines as exposed here, contribute to the molecular synergy that occurs in biological 
systems. Macromolecular players that mutually proofread their binding specificity and 
cooperatively improve the degree of order offer a clear advantage to complex self-organizing 
structures.  
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Introduction 
	
Many chemical reactions or functions in biochemistry, molecular medicine, or biotechnology 
rely on the specificity of molecular recognition. Specific binding is crucial to the formation of 
dedicated macromolecular complexes [1]. They may catalyse chemical reactions, transmit 
information, among a great variety of other functions. Accordingly, there has been a long-
standing interest in molecular binding specificity. The well-known ‘Lock and Key’ model 
explains the recognition specificity of enzymes solely based on their molecular shape [2]. The 
‘Induced Fit’ and the ‘Conformational Proofreading’ models [3] go beyond that. Considering 
a recognition pair, they show that the deformation of a (flexible) molecule upon binding can 
lead to an enthalpic barrier that increases binding specificity at the expense of binding 
affinity. Cooperative binding of a molecule at multiple sites can increase both, binding 
affinity and binding specificity at the same time. DNA hybridization is an example: binding of 
one complementary base pair increases the binding probability of other complementary bases 
as well, and this increases recognition specificity. Cooperative binding of several molecules to 
the same location, as observed in transcription regulation, can increase specificity along the 
same lines [4]. The ‘Pre-existing Equilibrium’ or ‘Monod, Wyman, and Changeux’ model [5] 
considers allosteric molecules that possess several conformational states with different 
affinities. The state of increased affinity to a ligand will be stabilised as long as a third, 
different molecule remains attached to the allosteric site.  
In the above examples, specificity solely depends on the design of the molecular recognisers. 
A different case is the use of energy to create thermal non-equilibrium and increase 
specificity. In their seminal papers [6]  Hopfield and Ninio discussed how DNA polymerases 
consume ATP (adenosinetriphosphate) as energy source to reduce error during the 
incorporation of single bases in a DNA copying process. Due to the laws of thermodynamics, 
in competition and in thermodynamic equilibrium (without energy source), the error is fixed 
by the ratio of the individual binding constants of the incorrect and correct bases, Kincorr / Kcorr, 
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(in vicinity of 10-1) and the law of mass action. By introducing several supplementary and 
energetically excited binding states, which are selective and proceed one after another, 
polymerases reduce this error by several orders of magnitude at the expense of both, energy 
and biochemical side reactions. The mechanism has since become the paradigm of ‘kinetic 
proofreading’.  
There is no ‘kinetic proofreading’ process for DNA hybridization, and non-equilibrium states, 
often metastable, are considered detrimental to the accuracy of the recognition process [7]. It 
is generally believed that the molecular recognition among competing DNA strands performs 
best in thermal equilibrium without interactions [7-9]. Accordingly, the recognition error 
remains limited by the ratio of the individual binding constants of the competing strands. 
One of the most challenging aspects of oligonucleotide technology is the recognition of 
perfectly matching molecules in an environment of many similar competitors [8]. This is 
particularly difficult if the oligonucleotides differ by as little as a single base, as for instance 
in the search for single nucleotide polymorphisms that are of medical importance [10]. 
However, DNA hybridization can perform surprisingly well in a highly competitive 
environment. An example is in situ hybridization where a few hundred base pairs long 
nucleotide strand needs to bind exclusively to its complement, in the crowded molecular 
environment of a biological cell [11]. Here our aim is to investigate molecular recognition 
specificity of oligonucleotide hybridisation12 in a competitive situation [13-18]. We show that 
the specificity can increase by several orders of magnitude compared to the usually admitted 
physical limit described above. We suggest a cooperative mechanism that quantitatively 
reproduces most of our observations. 
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Material and Methods 
   Oligodeoxyribonucleotide sequences and buffer solutions  
We obtain all oligonucleotides commercially (Metabion, Martinsried, Germany), HPLC 
purified. The concentrations of oligonucleotides are checked by UV absorption at 260 nm. No 
stable secondary structures at the experimental conditions used in this work are found with 
DINAMelt [19]. We use SSC and SSPE buffer for hybridization experiments prepared with 
deionized water. pH is adjusted to 7.5. Experiments are performed with 3xSSC (TIRF and 
FRET method, 0.57 M monovalent ions) or 5xSSPE (DNA microarray, 0.95 M monovalent 
ions). 
 
   Dendrimer coating of the glass slides used in surface based measurements 
We use standard microscopy coverslips with a diameter of 20 mm as substrates for DNA 
immobilization. Coverslips are cleaned with Deconex (Borer Chemie, Switzerland) and rinsed 
with purified water. Silanization and functionalization with dendrimeric molecules 
(Cyclotriphosphazene PMMH, Generation 2.5 or 4.5, Aldrich) bearing aldehyde endgroups 
for immobilization of amino-modified DNA is performed accordingly to [19]. 
 
   DNA grafting to dendrimer coated slides 
For immobilization of DNA probes we follow the protocol in [19] with the following 
modifications: Immobilization time is reduced to one hour. We limit sodium borohydride 
treatment to 15 min and add 25 percent (v/v) EtOH to reduce the formation of hydrogen on 
the substrate and avoid inhomogeneities in grafting density. This modified protocol does not 
reduce the number of surface bound DNA molecules. 
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Förster Resonance Energy Transfer (FRET) to study DNA hybridization in bulk 
We employ Förster Resonance Energy Transfer (FRET) to assess the hybridization of target 
and probe in bulk. One of the two competing target molecules is labeled with the acceptor Cy-
5 at the 5’ end, while the complementary probe molecule is labeled with the respective donor 
Cy-3 at the 3’ end (Fig. 1). The competitive target molecule is not labeled. To avoid contact 
quenching we increase the distance between the fluorescent dyes Cy-3 and Cy-5 by 
introducing a spacer consisting of three T bases to the 3’ end of the probe molecule. The three 
different oligonucleotides are mixed in a standard reaction tube, incubated at 44°C. 
Immediately after mixing, 200 µl of the solution is transferred into a non-absorptive 96 well 
microplate (Nunc, Germany). The fluorescent signal is immediately determined using a plate-
reader (Polar Star Optima, BMG Labtech, Germany). We use 544 nm as the excitation 
wavelength of Cy-3 and measure either the emission of Cy-3 at 580 nm (donor channel) or of 
Cy-5 at 670 nm (acceptor channel). 
 
   Total Internal Reflection Fluorescence (TIRF) for time dependent observation of 
surface based DNA hybridization  
TIRF relies on the evanescent field penetrating into the medium of lower refractive index at 
the point of total reflection by a distance of typically 100 nm (Fig. 2). This field excites 
fluorescent dyes at the surface. A cover glass with immobilized DNA is fixed as part of the 
observation chamber mounted on the xy-stage of an inverted microscope (Axiovert 135, 
Zeiss, Germany). The excitation beam reaches the cover glass through a dove prism and a 
layer of immersion oil (see supplementary material S1.1 for a scheme of the optical path). To 
enable simultaneous detection of different fluorescently labeled molecules during competitive 
experiments, two lasers of different wavelengths (DPSS, 532 nm and HeNe, 633 nm) excite 
the fluorescent dyes Cy-3 and Cy-5. Before entering the prism, laser beams are chopped, 
expanded and focused onto the observation chamber. The excitation power is as low as 
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possible to minimize photo bleaching. Fluorescence emission is collected through the 
microscope objective. A beam splitter directs the emitted light through the emission filters 
(Cy-3 channel: HQ585/40, Cy-5 channel: HQ680/30, AHF Analysentechnik, Germany), each 
followed by a photomultiplier (H9305-04, Hamamatsu). Lock-in amplified signals are 
recorded using a PC. A PID control equipped with a PT100 sensor controls the temperature of 
the experiment. To avoid a temperature drop towards the observation window, we apply an 
electrical heating current through its Indium tin oxide (ITO) coating. The observation 
chamber is of circular cross section (viewed from top) with a diameter of 4 mm and a height 
of 2.5 mm. It is filled via openings on its sides before the start of an experiment. We reuse the 
same coverslips with grafted DNA for several hybridization experiments. Removal of 
hybridized DNA before the start of a new experiment is performed by treatment with 10 mM 
NaOH for 1 minute at 44°C. 
 
   DNA microarrays 
DNA microarrays are synthesized in situ using a maskless photolithographic technique based 
on NPPOC phosphoramidites (details in [12] and references therein).  After adding 
fluorescently labeled target molecules to the surface bound probes and waiting for 
equilibrium, we acquire the fluorescence signals of the hybridized DNA by imaging the 
microarray surface with the help of an epifluorescence microscope. 
 
   Fluorescence correlation spectroscopy (FCS)  
The excitation light of a frequency doubling Nd:YAG laser (532 nm) is first expanded by a 
telescope and then coupled into an inverted microscope (Axiovert 135, Zeiss, Germany) via 
the rear site port (see supplementary material S1.2 for a scheme of the optical path). The light 
beam is focused into the sample through the objective lens (C-Apochromat 40X, numerical 
aperture 1.2, water immersion, Zeiss, Germany). The emitted light is collected through the 
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same objective. A dichroic mirror reflects the excitation light. Emitted light passes through a 
Cy-3 filter to reach a 50 µm diameter pinhole. The emitted light is detected by a photon 
counter (H8259-01, Hamamatsu), equipped with a hardware correlator (Flex 99r480, 
Correlator.com). We use low excitation power to avoid photo bleaching as well as triplet 
states of the fluorescent dyes. The contribution of the afterpulsing of the photon counter is at 
least one order of magnitude faster (approximately 3µs) than the specific signal of the base 
pair fluctuations and does not need to be taken into account. The DNA molecules are 
premixed at certain concentrations in a standard reaction tube. We use a 2-fold excess of 
targets (20 nM) over probes (10 nM) to occupy almost all probe molecules. The tubes are 
incubated in boiling water, which is allowed to cool down to room temperature over a time 
period of 12 hours. Before the start of the measurement we transfer the DNA solution into a 
measurement chamber. The chamber consists of PDMS, and it is covered by two glass slides 
at the top and the bottom. The temperature of the chamber is determined by a Pt-100 
thermocouple connected to a controller that regulates the current of a heating foil. Thermal 
excitations lead to DNA breathing, i.e., local denaturation and reclosing of the double strand 
structure. For temperatures T < Tm , the shape of the correlation function ( )G t  is mainly 
dominated by the closing dynamics. Fig. S3 (supplementary material) depicts the labeling. 
Fig S4 (supplementary material) shows the normalized correlation functions ( )G t  studying 
the PM-probe and MM1-probe pairs (Table 1) at room temperature, and at 44°C. To fit the 
experimentally obtained correlation function we use the equation:  
 
 
G(t) ∝ 1+ t
2τ
⎛
⎝⎜
⎞
⎠⎟
⋅erfc t
4τ
⎛
⎝
⎜
⎞
⎠
⎟ −
t
πτ
⋅exp − t
4τ
⎛
⎝⎜
⎞
⎠⎟
 , (1) 
  
adapted from [20], with ( ) ( )2
0
2erfc 1 exp
u
u x dx
π
= − −∫  and τ  the characteristic time 
constant of the relaxation dynamics. Contrary to [20], in our oligonucleotide sequences there 
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are no hairpin loops, neither GC clamps. Nevertheless, we use Eq. 1 to extract the 
corresponding relaxation time constants. We do not use quantitative data from this experiment 
for our interpretation. To eliminate the contribution of diffusion, we divide the correlation 
function by the correlation function of double strands lacking the quencher Cy-5. 
 
 
Results and Discussion 
In a first set of experiments we consider a DNA-strand of 16 base pairs. The sequence has 
been designed at random, under the constraint that the Dinamelt server21 does not predict any 
significant secondary structures. We consider three different strands: the target PM (the 
perfectly matching complement of the probe), and two other targets, MM1 and MM2, that 
differ from the PM complement in only a single, non-matching base pair (Table 1). To 
monitor the amount of hybridized PM in bulk in presence of a competing strand, we use 
Förster Resonance Energy Transfer (FRET) (Fig. 1). TIRF (Total Internal Reflection 
Fluorescence) detection is employed in the case of surface grafted probes (Fig. 2). Probes are 
also surface bound in the case of microarrays. However, DNA is polymerized ‘from’ in 
contrast to grafting ‘to’ the surface, leading to a better control of surface deposition. A further 
advantage of microarrays is that different strands can be arranged in different locations, which 
enables to perform experiments in parallel. However, the optical control of the 
photolithographic process produces a higher number of sequence errors compared to standard 
nucleotide synthesis [12]. We use an epifluorescence microscope equipped with a cooled 
CCD camera to determine the fluorescence intensity and estimate the amount of hybridized 
DNA in case of microarrays.  
We find that in the case of competition among PM and MM2 (Fig. 3a,c,e), high 
concentrations of MM2 reduce the number of PM occupied probes substantially. However, in 
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the case ‘PM vs. MM1’ (Fig. 3b,d,f), an equivalent excess of MM1 targets over PM targets 
does not lead to any detectable decrease of the PM hybridisation level.  
If targets A and B compete for probe molecules to form a duplex, one expects the ratio of 
equilibrium duplex concentrations 
 
[D A]eq / [D
B]eq  to depend on the ratio of the equilibrium 
target concentrations [ ] / [ ]eq eqA B  , and the ratio of the individual binding affinities as:  
 
 
[D A]eq
[DB]eq
=
[A]eq
[B]eq
⋅ K
A
K B
=
[A]eq
[B]eq
⋅eΔΔG/ RT  . (2) 
  
Here  ΔΔG = ΔG A − ΔG B  is the difference between the individual effective binding free 
energies of the competing strands AGΔ  and BGΔ , R is the gas constant and T the temperature.  
We determine the individual binding affinities of the targets PMK , 1MMK , and 2MMK  in 
hybridisation experiments without competition. For this we make use of an extended 
Langmuir-type adsorption isotherm [21] (supplementary material S2), taking into account the 
reduction of free target strands due to hybridization. We find that the binding affinities PMK  
and 1MMK  (supplementary material S3) differ by about one order of magnitude (Table 1). 
Hence, in the case of ‘PM vs. MM1’ the experimentally observed mismatch discrimination 
appears as improved on the predictions of Eq. (2) by several orders of magnitude (Fig. 3d).  
Competitive hybridisation experiments among other strands related to the PM sequence, 
including target molecules MM3 and MM4 of Table 1, reveal two characteristic scenarios: 
either standard specific systems (Fig. 4a), where the presence of a ‘Low Affinity Target’ 
(LAT) reduces the equilibrium duplex concentration of a ‘High Affinity Target’ (HAT) as 
predicted by Eq. (2), or highly specific systems (Fig. 4b) where the HAT hybridises as if the 
LAT was not present (supplementary material S4 for experimental details).  
In order to test if our result is sequence related, we randomly choose a second motif in related 
literature [15]. After shortening to adjust the denaturation temperature for our experimental 
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setup, the investigation of the sequences PM* and MM* (Table 1) again yields a strong 
deviation from Eq. (2) (supplementary material S5). 
Looking at our entire data set, we note that we experimentally observe standard specificity if 
the melting temperature mT  of HAT and LAT are comparable (Fig. 4e), while increased 
specificity occurs in cases where the melting temperatures of the two competitors differ by a 
certain amount, roughly 10 °C in our case (supplementary material S6). We observe that high 
specificity diminishes with temperature but does not vanish (supplementary material S7). This 
establishes entropy as a driving force. Our strands do not possess significant secondary 
structures, and our experiments are performed close to the melting temperature. Furthermore, 
secondary structures would lead to the opposite temperature dependence along with any 
possible enthalpy-based mechanism.  
By measuring the fraction of duplexes as a function of temperature in thermodynamic quasi-
equilibrium, we extract the changes in entropy and enthalpy of the denaturation process 
(supplementary material S8). The individually hybridized MM1 gains less enthalpy and loses 
less entropy in the hybridization process (Fig. 4d). Probe bound, it exhibits more entropic 
degrees of freedom than the PM. In opposition to the standard specific pair ‘MM4 vs. MM1’ 
(Fig. 4d), we observe that the presence of the high affinity target PM shifts the melting curve 
of the lower-affinity competitor MM1 to lower temperatures. This increases the gap between 
the melting curves of the competing molecules, a signature of the enhanced specificity. The 
observation points to a non-negligible interaction between the competitors. 
Fluorescence Correlation Spectroscopy (FCS) is a single molecule technique that can address 
fluctuation dynamics of double-stranded DNA [20]. At room temperature, the Brownian 
relaxation time constants of probe bound PM or MM1 are comparable (supplementary 
material S1.2). However, at 44°C the relaxation dynamics of a probe bound MM1 is markedly 
slower. In agreement with the above, we suggest that this is due to the increased number of 
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entropic degrees of freedom of the hybridised MM1 duplex. The presence of the PM changes 
the dynamics of a probe bound MM1, confirming the interaction between the two. 
 
The Boltzmann distribution based on the effective binding energies, Eq. (2), only remains 
applicable if thermal equilibrium is reached (see supplementary material S9 for tests on 
equilibrium conditions, including the order of target introduction), as long as there is no 
interaction between the competitors. A deviation from the simple Boltzmann description 
would occur if the competing targets interacted via allosteric probes that present two binding 
sites. In our experiments, however, we find that the number of probes equals the number of 
bound targets (supplementary material S10) even if concentrations are high, making this type 
of interpretation unlikely to apply. Furthermore, as explained in [14], even if two competing 
oligonucleotides shared their binding microstates on one and the same probe, their statistics of 
probe occupation would still be expected to approach Eq. (2) because the competing 
oligonucleotides bind through the same type of microstates. These binding microstates can be 
expected to be shared symmetrically between the competitors, and the average binding 
energies of the competitors are reduced by about the same amount. For DNA this is why, to 
our knowledge, in all related literature the Boltzmann distribution Eq. (2) is taken as the 
physical limit to DNA hybridization specificity that can possibly be reached in competitive 
environments [7-9,13-18].  
 
Put together, we conclude from our observations above that in highly specific situations, the 
competing strands interact physically at the binding site, however, only transiently, and the 
effective binding free energies change in such a way that the HAT ‘wins’ by reducing the 
affinity of the LAT. This does not contradict thermodynamics since binding in competition is 
a different situation that is not necessarily described by the mean energies of individual 
binding pairs in isolation. It requires high cooperativity to generate the required non-
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linearities to produce a strong change as a response to a weak perturbation (e.g. the slight shift 
in position of the mismatched base between MM1 and MM2). It also requires asymmetry, 
since it is otherwise impossible to tilt the average binding free energy in favour of one of the 
two competitors. However, given the symmetry in the binding microstates of the competitors, 
the origin of the asymmetry is not straightforward. 
Although the interaction of the different strands is a matter of thermal fluctuations that are 
difficult to picture in precise detail [23], in the following we show how the experimental 
observations can easily be understood on theoretical grounds.  
 
 
 
Model  
Since we chose our sequences at random, we do not expect out observations to substantially 
depend on the nature of the DNA sequence. This is why we consider a homopolymer in the 
following, which simplifies the model.  
For temperatures comparable to the melting point, the existence of intermediate binding 
conformations has been shown [24,25]. Compared to the classical double helix [25,26], these 
intermediate conformations are characterised by a lower degree of cooperativity between 
adjacent bases, an increased number of entropic degrees of freedom and a lower persistence 
length (Fig. 5a). For our model we consider two different configurations (Fig. 6):  
 
The intermediate configuration  
The intermediate configuration consists of two bound single strands. Each bond between the 
two strands increases the binding enthalpy by hΔ . We include a next-neighbor coupling 
energy j because a neighboring base pair possesses an increased closing probability if its 
neighbor is already bound. An intermediate configuration maintains strand flexibility, it may 
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include open base pairs. Binding results in a reduced number of degrees of freedom of the 
paired state compared to two free chains.  
 
 
The helix configuration  
This is the well-known double helix structure of low flexibility and low entropy of a DNA 
duplex. It is characterized by high cooperativity between adjacent base pairs due to stacking 
interactions. Accordingly two adjacent intermediate bonds will gain energy J if they transit to 
a helicoidal conformation at the cost of a reduced number of entropic degrees of freedom. The 
helix configuration and the intermediate configuration may coexist on the same duplex.  
 
Free energy of the intermediate configuration 
M is the maximum number of Nearest-Neighbor pairs in the DNA duplex21, in our case M=15 
since the DNA has a length of 16 base pairs.  
!v  is a vector of length M+1 with entries 0 and 1. 
It represents a binding configuration of the target and the probe where 1 stands for a bound 
base and 0 for an unbound base. j is the coupling constant between subsequent bases in the 
intermediate configuration and hΔ  is the enthalpy gain for a bound base in that case, 
assuming that the totally denatured configuration is the reference state ( 0hΔ > , see Fig. 6).  
With this the enthalpy of an intermediate binding configuration  ΔH !v
p  follows an Ising 
description:  
 
 
ΔH !v
p = ΔH !v
p (!v ) = j ⋅vi ⋅vi+1 + δ vi −1( ) ⋅ Δh
i=1
M+1
∑
i=1
M
∑   (3) 
  
An intermediate configuration has a reduced number of degrees of freedom compared to the 
fully denatured configuration. We determine the entropy change by treating the conformations 
of a strand as a self-avoiding walk (SAW) on a lattice [28,29]. For simplicity, we assume that 
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one step on the lattice corresponds to one unbound base of the DNA strand. The number of 
conformations #SAW  of a SAW of length x is 
 1# ( ) xSAW x µ x
γ −= ⋅  , (4) 
  
with 31.157 3 10γ −= ± ⋅  the (universal) entropic exponent, while  µ = 4.684  depends on the 
considered geometry [28]. Accordingly, the entropy change between the fully denatured 
configuration and an intermediate configuration with y bound bases is  
 
( )
( )
( )
# 1
( ) log    , if    1
# 1
( ) log # 1          , if    1
SAW
SAW
SAW
p
p
M
y R y M
M y
y R M y M
S
S
⎡ ⎤+
= ⋅ < +⎢ ⎥+ −⎣ ⎦
= ⋅ + = +⎡ ⎤⎣ ⎦
Δ
Δ
  (5) 
  
The intermediate configuration where all bases are bound corresponds to the largest entropy 
change. We write the free energy  ΔG!v
p  of given intermediate configuration  
!v  as 
  ΔG!v
p = ΔH !v
p −T ⋅ ΔS p   (6) 
where T is the temperature. 
 
 
 
Free energy of coexisting intermediate and helicoidal conformations 
Two bound bases in the intermediate configuration that are next to each other can transit to a 
helicoidal conformation, thereby gaining the energy J. To determine the number K of all 
possible helix conformations k that may occur for a given intermediate configuration  
!v , we 
need to consider the adjacent closed bonds. We call a succession of closed bonds a ‘block’ 
such that each bond is part of at most one block. Only a block i of length 2il ≥  can transit to a 
helicoidal conformation. The individual blocks of a given intermediate conformation form 
helicoidal conformations independently from each other (Fig. 6). For helix formation, the 
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bases of an individual block follow zipper binding statistics [12]. This is because so-called 
bubbles, openings of the helix somewhere in between, can be neglected for short strands. The 
number of possible configurations ,#block i  of one individual block i of length il  is 
 ( ),
1
# 1
2
i i
block i
l l⋅ −
= +   (7) 
 
With this, the number K of all possible configurations k of a given intermediate configuration 
 
!v  is  
 
#
,
1
#
block
block i
i
K
=
=∏   (8) 
 
If m, 2 im l≤ ≤ , bases of an individual block i are in helix configuration, the corresponding 
gain in enthalpy is:  
 , , ( 1)block i mH m J pΔ = − ⋅ − Δ   (9) 
 
If two strands are simultaneously bound to the same probe, the entropic cost of a helicoidal 
conformation is increased since the occurrence of a (stiff) helix within such a trifold 
configuration requires stretching the competitor at the same time (Fig. 5b). This is reflected 
by the energy penalty 0pΔ >  in presence of a competitor in a mean field approximation. pΔ  
is zero for an individual hybridization to the probe in agreement with the Nearest-Neighbor 
model for DNA hybridization [26]. No energy penalty is applied for the fully developed helix, 
since the competitor is unable to remain bound to the same probe in that case. If 
, ,( 1) 0block i mp Hm J Δ≤ Δ− ⋅ ≤⇔ , the configuration is not taken into account, and ,#block i  in Eq. 
(7) depends on pΔ . The enthalpy of a given conformation that includes helix conformations, 
 
ΔH !v ,k
h  is obtained by summing over all blocks 
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ΔH !v ,k
h = ΔHblock ,i,m
i=1
# block
∑   (10) 
 
In case no base is in the helix conformation, the enthalpy 
 
ΔH !v ,k
h = 0 , and the stability of the 
duplex is governed by the intermediate configuration only. 
The transition from an intermediate configuration to a helix configuration causes an additional 
entropy change due to the high persistence length of the duplex  
 
 
ΔG!v ,k
h = ΔH !v ,k
h −T ⋅S h.  (11) 
 
( )h hS S z=  is the additional entropy change due to the transition from the intermediate 
configuration to the helix configurations (the reference state is still the denatured 
configuration) as determined using Eq. (4). The fully developed helix configuration possesses 
the largest entropy change compared to the fully denatured configuration.  
The total free energy of a bound configuration consists of the contributions of purely 
intermediate configurations  ΔG!v
p  and those that involve helix configurations 
 
ΔG!v ,k
h . 
 
 
ΔG!v ,k = ΔG!v
p + ΔG!v ,k
h   (12) 
  
For numerical evaluation, we consider the HAT and the LAT as homopolymers of 16 bases in 
length. The HAT constitutes a perfect match and the LAT possesses a single non-
complementary base in its centre. Their partition functions correspond to the value of their 
binding constants, 
 
 
Z t = exp β ΔG!v ,k( )⎡⎣ ⎤⎦
k !v( )
∑
!v
∑   (13) 
 
where t designates either a HAT or a LAT. The first sum runs over all possible intermediate 
configurations  
!v  of the duplex. In the case of the HAT this is over all possible 12M+
combinations  of bound and unbound bases in a strand of length M+1. For the LAT, however, 
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there are only 2M  intermediate configurations because the mismatch position remains 
unbound. The second sum runs over all possible helix configurations k corresponding to a 
given intermediate configuration  
!v .   
The values for j, J and hΔ  needed for evaluation of 
 
ΔG!v ,k are unknown. They need to be 
quantitatively comparable to the Nearest-Neighbor energies [21]. We choose the parameters 
accordingly, under the constraint that the ratio of the theoretical binding constants 
/HAT LATK K  corresponds to the measured value 1/PM MMK K  from single hybridization 
experiments. Table 2 shows a possible parameter set and the resulting binding constants for T 
= 317 K. With these parameters, a detailed numerical assessment reveals that at 44°C the 
HAT and the LAT exhibit a mixture of intermediate and helicoidal conformations. Binding to 
a probe molecule individually (Figs. 5 c, d), the LAT generates its affinity from a large 
number of short helicoidal conformations. The increased value of HATK  is due to the 
additional helicoidal conformations that the LAT cannot produce. This agrees well with the 
increased value of enthalpy and entropy difference of HAT hybridization extracted from the 
melting curves (Fig. 4c).   
We now consider simultaneous binding of two strands to the same probe in a trifold 
configuration (Fig. 5b). The numerical assessment confirms that for an effective entropic 
barrier pΔ  , which corresponds to only very few closed base pairs in terms of free energy, the 
LAT looses orders of magnitude of its binding affinity while the HAT affinity remains 
practically unaffected (Figs. 5e, f). This agrees well with the influence of the HAT on the 
LAT melting curve. A subtler coupling than the proposed simple entropic barrier pΔ  can lead 
to even higher values of specificity.  
One understands that if some microstates of the interacting competitors are antagonistic, little 
differences among them can modify the effective binding free energies in the LAT-probe-
HAT trifold configuration, which can strongly disfavour binding of only one of the two 
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competing molecules. This also implies, however, that the trifold configuration is only 
sparsely populated. To compare our theory to the experimental situation we need to consider 
the total free energy that is gained as a function of probe occupation.  
 
Total Gibbs free energy  
We determine the overall Gibbs free energy totalG  of N probe molecules and two targets, HAT (High 
Affinity Target) and LAT (Low Affinity Target), competing for the probes. Each binding site can be 
empty, occupied by a HAT, occupied by a LAT, or occupied by both molecules at the same time. 
Formation of HAT-HAT-Probe and LAT-LAT-Probe triplexes are not considered because these 
configurations also occur in situations without competition, and they do not alter the specificity. The 
fraction of probes occupied by a HAT (LAT) is HATc  ( cLAT ). The fraction of probes occupied by a 
HAT and a LAT simultaneously is Tc . Following this convention, all binding sites are occupied as 
triplexes simultaneously by a HAT and a LAT, if 1HAT LAT Tc c c= = = .  The free energy per 
binding site must be of the form  
 
               / HAT HAT LAT LAT HAT LAT Corrc cG N c c TSµ µ α µΔ + − −=                  (14) 
 
where  α cHAT cLAT =  c
T . The formalism turns out analogue to a Landau description of phase 
transitions30 (Fig. 7a). 
In more detail, the effective Gibbs free energy totalG  per site is:    
 
 
Gtotal
N
= H − R ⋅T ⋅S
= cHAT ⋅ µ0
HAT + µB
HAT( )− cT ⋅ µ0HAT + µB HAT − µTHAT − µB HAT( )
+cLAT ⋅ µ0
LAT + µB
LAT( )− cT ⋅ µ0LAT + µB LAT − µTLAT − µB LAT( )− R ⋅T ⋅S
= cHAT ⋅ µ0
HAT + µB
HAT( )− cT ⋅ !µHAT + cLAT ⋅ µ0LAT + µB LAT( )− cT ⋅ !µ LAT − R ⋅T ⋅S
  (15) 
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( )0 lnHAT HATR T Kµ = ⋅ ⋅   and ( )0 lnLAT LATR T Kµ = ⋅ ⋅  are the standard Gibbs free energies that 
are gained when a HAT or a LAT hybridizes to a probe molecule. ( )ln [ ]HATB R T HATµ = ⋅ ⋅  
and ( )ln [ ]LATB R T LATµ = ⋅ ⋅  correspond to the bulk concentration dependence of the chemical 
potentials of HAT and LAT. ( )lnHAT HATT TR T Kµ = ⋅ ⋅  is the energy that is gained when a HAT 
hybridizes to a probe molecule that is already occupied by a LAT in a trifold configuration. In 
analogy 
 
µT
LAT = R ⋅T ⋅ ln KT
LAT( ) .  !µHAT  and  !µ LAT  are the energy corrections that respectively 
apply when both, HAT and LAT, are bound to one and the same probe. The entropy  
related to site occupancy in units of the gas constant  is:  
 ( )0 0ln ln lnHAT HHAT LAT AT LAT LAT
N N
S S S N c c c c
N c N c
⎡ ⎤⎛ ⎞ ⎛ ⎞
= − ⋅ ≈ − +⎢ ⎥⎜ ⎟ ⎜ ⎟⋅ ⋅⎝ ⎠ ⎝ ⎠⎣ ⎦
 (16) 
 
The constant value 0S  in Eq. (16) is neglected in the following. The fraction 
Tc  of probes 
occupied by a HAT and a LAT simultaneously is a function of the conditional probability 
HAT
Tκ  (
LAT
Tκ ) that a given LAT (HAT) shares its probe molecule with a HAT (LAT): 
HAT LAT LAT HAT
T T Tc c cκ κ= ⋅ = ⋅      (17) 
With this expression, Eq. (15) becomes: 
 
 
Gtotal
N
= cHAT ⋅ µ0
HAT + µB
HAT( )− cLATκ THAT !µHAT
= cLAT µ0
LAT + µB
LAT( ) 1− κ T
HAT !µLAT
µ0
LAT + µB
LAT
⎛
⎝⎜
⎞
⎠⎟
−T ⋅S
  (18) 
 
If all probes are occupied by a LAT, there is always a fraction of them that share the probe 
with a HAT. This is because the HAT can achieve binding states that the LAT cannot reach. 
The corresponding probability 	κ 0  is a property of the competing molecules, and it depends on 
S
R
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the concentrations of free strands in solution. For a given fraction LATc  there must be at least 
the fraction  
 , , 0
T min HAT min LATc c c κ= =   (19) 
 
of HAT molecules on the LAT occupied probes. If all probe molecules are occupied by a 
HAT, all probe bound LAT molecules must share their probe with a HAT: 
 ( )1 1HAT HATT cκ = =   (20) 
 
HAT
Tκ  is first order in 
HATc . For a given HATc ,  depends on  as   
 ( )
, ,
,
, ·(1 )
HAT min LAT HAT min
HAT HAT HAT min
T LAT LAT HAT min
c c c c c
c c c
κ −= + −
−
 . (21) 
 
In the following, the binding constants HATK  and LATK  are taken according to experimental 
values and the concentrations are 0[ ] 5 nMHAT =  and 0[ ] 1 µMHAT = . For a temperature of 
44 °C, the energies and chemical potentials in Eq. (18) are determined as   
 
( )0 ln  12.99 kcal/molHAT HATR T Kµ = ⋅ ⋅ =  
( )0 ln  = 11.28 kcal/molLAT LATR T Kµ = ⋅ ⋅  
( )ln [ ] 12.04 kcal/molHATB R T HATµ = ⋅ ⋅ = −  
( )ln [ ] 8.7 kcal/molLATB R T LATµ = ⋅ ⋅ = −  
  
The results of the numerical assessment (Fig. 5) suggest that for an entropy barrier of 
4p JΔ =  the binding affinities HATK  and LATK  decrease by factors of 4 and 310, respectively. 
These reduced binding affinities translate to average triplex binding energies HATTµ  and 
LAT
Tµ  
HAT
Tκ HATc
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that apply when a particular target has to bind to a probe molecule that is already occupied by 
the competitor:  
( )/ 4ln 12.11 kcal/molHAT HATT RT Kµ = ⋅ =  
( )/ 310ln 7.67 kcal/molLAT LATT RT Kµ = ⋅ =  
With this, we obtain 
 !µ
HAT = µ0
HAT − µT
HAT =  0.88 kcal/mol  
 !µ
LAT = µ0
LAT − µT
LAT =  3.61 kcal/mol  
These energies enable to estimate 0 53%κ = . However, due to our mean field approximation, 
where the same energetic barrier that affects all the microstates in the same way, this value 
represents a lower bound: the energy of almost completely established helix states will not be 
reduced by a significant barrier from the competitor, since the competitor can only remain 
weakly bound in these cases. These binding states are those with high statistical weight that 
contribute to the higher affinity of the HAT (Fig. 5 c and d). The value of 0κ  remains 
consistent with the numerical evaluation (Figure 7b), which reveals that above a critical 
probability 0
critκ  of 60-70 %, the maximum of the energy landscape sharply changes from a 
specificity that is well approximated by the Boltzmann factor of the average binding energies 
(Eq. (2)) to almost exclusively HAT occupied probes.  
 
 
Discussion 
For the interpretation of our observations, we introduced an interaction term between the 
probe bound strands HAT and LAT, of the form 	 αcHATcLAT( !µHAT + !µLAT )= cT( !µHAT + !µLAT ) , 
into the free energy expression. Experimentally this is corroborated by the reduction in 
melting temperature in presence of the stronger binding competitor, which occurs only in the 
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highly specific case (Fig. 4d). Another experiment that points to the interaction is the change 
of the LAT fluctuation spectrum in presence of the  HAT (Fig. 4f). Theoretically we find that 
0κ  , the probability for the HAT to join a LAT bound probe, needs to exceed 0
critκ . This 
implies that the LAT probe affinity needs to be lower by a certain amount, which depends on 
the precise microstatistics and interaction of the competing molecules at the probe-binding 
site. In agreement, our experiments show that a certain difference in melting temperatures 
between the competitors, here about 10 °C, is required for the highly specific binding to occur 
(Fig. 4e). The sharpness of the predicted transition at the critical value of 0κ  consistently 
explains the experimentally observed occurrence of either standard specificity, following the 
Boltzmann factor, or the strongly increased specificity. It is also a good reason why the degree 
of specificity changes in such an abrupt and unforeseen manner with mismatch position 
(supplementary material S11). The degree of interference of the competitors at the probe 
binding-site, expressed by 0κ , is likely to present a complex dependence on sequence as it is 
the case for secondary structures. A sequence dependence of the kinetics of strand association 
was suggested [31]. In analogy to a phase separation, once equilibrium is reached, the HAT-
LAT-probe trifold conformation is hardly populated. Although experiments at elevated 
concentrations of the LAT are difficult to perform, we see that the experiment agrees even 
quantitatively with the prediction (supplementary material S12).  
In principle nothing precludes the here described mechanism to work for much longer strands 
although thermodynamic equilibrium may not always be simple to reach in such a case. Some 
of the observations in [18] may well be due to similar mechanisms. 
Following our interpretation, simultaneous binding of the competitors creates an energy 
barrier in analogy to conformational proofreading [3]. However, in the case considered here, 
the energy barrier is of entropic origin and is created by the presence of a third molecule, 
which consequently results in almost no loss in affinity. The energetic cost for the observed, 
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highly increased specificity is hidden in the different thermodynamic situation that comes 
with the presence of both competitors. The molecular behaviour corresponds to logic ‘if’ (the 
stronger binding competitor is not present) ‘then’ (bind almost as well at the same spot). 
Thermodynamically, computing can indeed be performed at the simple cost of the input and 
output operations [32].  
Using the here described phenomenon, very high fidelity single mismatch detection could be 
achieved in biotechnology, which could improve single nucleotide polymorphism (SNP) 
detection in medical analysis. It will be interesting to see if three-body mechanisms along the 
lines outlined in this paper do occur in biological systems. Mismatches naturally occur in 
microRNA [33], and sometimes their impact is surprisingly strong. MicroRNA binding 
affinity to transcription RNAs has been considered a dominant parameter [34] for the strength 
of microRNA interference signalling. Although many other molecular elements come into 
play in a biological cell, we can expect that the proposed mechanism contributes at a certain 
level. Another situation would be homologous recombination, where matching DNA single 
strands are combined by hybridization to repair erroneous or broken DNA strands. In such a 
process SNPs would have an increased probability of being eliminated. Any macromolecule 
that cooperatively induces strong enthalpic changes when binding to its complement may in 
principle follow the scheme outlined in this paper: it will gain increased specificity in 
competition with looser binding competitors if the competition at the binding site is of 
sufficient statistical weight, while increases specificity through en energy barrier in a 
“proofreading” mechanism. 
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Conclusion 
We have shown that in thermodynamic equilibrium the accuracy of macromolecular 
recognition in competition is not necessarily understood from pairwise considerations of 
effective binding constants, rather here the competing macromolecules mutually proofread to 
improve their binding accuracy by orders of magnitude with almost no loss in affinity.  
It remains to be seen if mechanisms along similar lines occur in the molecular crowding 
effects [35]. Phase separations have been proposed to play a role [36] in biological cells. 
Designing ensembles of cooperative synthetic molecules, using the ideas discussed here, 
could enable the construction of deterministic self-organizing systems at the nano-scale with 
increased complexity and robustness. 
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Figure Legends 
Fig. 1: Labeling for FRET (Förster Resonance Energy Transfer) detection.  
A) target A is tagged with the fluorescent dye Cy-5 at the 5’ end of the strand while the Probe 
is tagged with Cy-3 at the 3’ end. Target B remains unmodified. B) Upon hybridization of 
target A to the Probe molecule, the Cy-3 emission is quenched by Cy-5. A spacer of 3 
Thymine bases avoids contact quenching. C) Hybridization of the untagged target B to the 
probe does not lead to a quenched Cy-3 emission. In order to measure the hybridization of 
target B in presence of target A, target B is Cy-5 tagged and target A remains unmodified (not 
shown).  
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Fig. 2: TIRF (Total Internal Reflection Fluorescence)  
Competing target species A (red) and B (green) bind to surface immobilized probe molecules. 
The two different evanescent fields of wavelengths Aλ  and  λB  excite the two fluorescent 
dyes of the competitors, Cy-3 and Cy-5, in close vicinity to the surface. The time course of 
the fluorescence intensity is recorded. 
 
 
Fig. 3. Standard vs. high specificity in competitive DNA hybridization experiments.  
In each experiment we consider two different target molecules with a slight difference in 
sequence, competing for the same probe molecules. The probes are surface bound, or they 
diffuse freely in bulk. The fluorescence intensity is proportional to the amount of hybridised 
perfectly matching (PM) target. It is given relative to the equilibrium value in absence of 
competition. Initial PM concentration is 5 nM (1 nM in e,f). (a),(c),(e), Standard specific case 
‘PM vs. MM2’: (a), experiment in bulk, hybridization as a function of time visualized using 
FRET (Förster Resonance Energy Transfer) (c), surface based hybridization visualized as a 
function of time using TIRF (Total Internal Reflection Fluorescence Microscopy), PM w/o 
competition (black) and in presence of MM2 target (blue) at 44°C. Filled symbols correspond 
to the equilibrium duplex concentration as predicted by Eq. (2), using the binding constants 
from Table 1. (e), hybridization to a DNA microarray surface visualized using 
epifluorescence (equilibrium values only). (b),(d),(f) Highly specific case ‘PM vs. MM1’ 
(experimental conditions otherwise identical to (a),(c),(e)). The presence of 1µM MM1 target 
does not influence the hybridization of the PM in any detectable way.  
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Fig. 4. Characterization of competitive DNA hybridization using different techniques. 
(a), (b), Equilibrium duplex concentrations [DHAT]eq of  ‘High Affinity Target’ (HAT) 
oligonucleotide, hybridizing to surface bound probe molecules as observed by TIRF at 44°C: 
individual binding (no competition, black) and in presence of 1 µM of a ‘Low Affinity 
Target’ competitor (LAT) (blue). HAT concentrations are 10 nM (‘MM4 vs. MM1’ and 
‘MM1 vs. MM3’) or 5 nM (all others), see Table 1 for oligonucleotide sequences. [DHAT]eq  is 
given relative to its equilibrium value in absence of competition. We distinguish (a), standard 
specificity following Eq. (1), and (b) high specificity of the HAT. (c), Fraction of bound 
probes as a function of temperature for individually studied targets PM (black) and MM1 
(blue) in a surface based experiment (w/o competition). Target concentration is 1 µM. From 
this curve we extract a less important change in Δ S and Δ H (e.u. = ‘entropic units’ = 
kcal/(mol·K)) upon hybridisation (supplementary information S5) for MM1 compared to PM. 
A hybridised MM1 possesses an increased number of entropic degrees of freedom. (d) 
Melting curves of MM1 in presence of PM (upper graph, high specificity), and in presence of 
MM4 (lower graph, standard specificity) for four different concentration ratios, each 
represented by a different color. In the case of ‘PM vs. MM1’, the melting temperature of the 
MM1 decreases from 53°C, in absence of the competitor, to 45°C in presence of the PM. In 
the case ‘MM4 vs. MM1’ Tm remains constant. (e), Comparison of melting temperatures as 
predicted by the Dinamelt web server (see Table 1 for sequences). Blue: highly specific cases, 
black: standard specific cases, TmHAT , TmLAT are the melting temperatures, Texp = 44°C is the 
temperature of the experiment. (f), Correlation function of an FCS (Fluorescence Correlation 
Spectroscopy) measurement of the opening and closing dynamics for a probe-bound PM, and 
a probe-bound MM1 in bulk at 44°C without a competitor. The mismatched strand exhibits 
slower dynamics. The introduction of the PM changes the fluctuation time constant of a probe 
bound MM1. The PM interacts with the MM1 at the location of the probe molecule. 
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Fig. 5. Model and numerical results. (a), Model representation of intermediate and 
helicoidal binding configurations. The intermediate conformation (middle region) contains 
unbound regions. Base pairing is cooperative, however, the binding-enthalpy is relatively 
weak. Due to its flexibility, this configuration possesses many entropic degrees of freedom. 
The helicoidal conformations (outer regions) are stiff. Two adjacent closed base pairs of an 
intermediate configuration can transit to a helicoidal configuration: a gain in enthalpy 
compensates the loss in entropy. (b), A trifold configuration is made of the competing strands 
HAT and LAT, bound to the same probe. If one strand, here the black HAT, transits to a 
(stiff) helicoidal conformation, this will stretch the competing strand at the same time. We 
reflect this by an average energy barrier of entropic origin, ∆p, that applies to helicoidal 
conformations. Due to its non-matching base, the LAT is less likely to transit to highly 
cooperative helix conformations that can overcome the entropic barrier ∆p. (c), (d), 
Numerical results based on the proposed model: the number of base pairs in helicoidal 
conformation and their contribution to the binding constant K for a homopolymer that is a 
perfect complement (c) and with a single mismatch (d), at 44°C. The smallest helicoidal 
segment consists of two adjacent base pairs. Summing over all these contributions represents 
the binding constant K. Note the differences in scale: for comparison blue portions in (c) 
correspond to (d). The LAT possesses a mismatch in its middle, and it generates its binding 
affinity through a number of short helicoidal conformations. The increased HAT binding 
affinity mainly stems from longer helicoidal segments (not all accessible to the LAT), and this 
leads to more enthalpic binding conformations (e), Binding affinity of HAT (black) and LAT 
(blue) in a trifold configuration as a function of the entropic barrier ∆ p that is due to the 
presence of a competing strand on the same probe molecule. The numerical assessment 
confirms the loss in affinity of the LAT with increasing entropic barrier ∆p. There is also an 
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influence on KHAT , but it is much smaller. (f), Change of the binding free energy difference, 
∆∆G = ∆GHAT - ∆GLAT , in presence of the competitor as a function of the entropic barrier ∆	p. 
 
 
 
 
Fig. 6. Model and Notations  
Top: pre-melted configuration (0,1,1,1,0,0,1,0,0,0,0,1,1,1,1,1)v =r . The number of blocks 
(segments of closed bases next to each other without interruption) for this pre-melted 
configuration vr  is 2 (green circles). The number of possible helix configurations k of this 
specific pre-melted configuration  
!v  is  
#block ,1⋅#block ,2 = 4 ⋅11= 44 . Bottom: one of the 44 
possible helix configurations of the pre-melted configuration  
!v . The red parts are in a helix 
conformation.  
 
 
 
Fig. 7. Gibbs free energy landscape in competitive hybridization.  
(a), Qualitative illustration of the Gibbs free energy ( )G ξ  of the probe binding sites. ξ  
represents HATc , the amount of probe bound HAT i.e. 1HATc =  is the case where all probes are 
HAT occupied. The probe bound LAT concentration, cLAT, is not shown: cLAT is such that 
( )G ξ  is maximised. The maximum of ( )G ξ  is marked with a red dot. We consider three 
different values of κ , the conditional probability for a HAT to join an already formed LAT-
probe pair, producing a trifold configuration. For 0κ =  there are no trifold configurations and 
the maximum of ( )G ξ .	 is given by the Boltzmann factor, which corresponds to the 
concentration ratio cHAT / cLAT. For 00 κ κ≤ ≤ , ( )G ξ 	exhibits a global maximum for increased 
concentrations of bound LAT, LATc  while HATc  is slightly reduced compared to the 
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Boltzmann factor. Since the number of HATs for a given number of LATs must be above 
cHAT,min = κ  cLAT, the shaded regions cannot be reached. For 0>κ κ 	 , ( )G ξ  switches its 
maximum to extreme values of cHAT and low values of cLAT. (b), Numerical result, Gibbs free 
energy landscape as a function of the fraction of HAT and LAT occupied probes (cHAT and 
cLAT) for different values of κ , the probability for a HAT to be part of a LAT-probe pair. Here 
we take the experimentally determined binding constants of the strands PM and MM1 (table 
1), the HAT (PM) concentration is 5nM and the LAT (MM1) concentration is 1 µM. We 
consider the case ∆p = 4J (Fig. 3e). Maximum and minimum values of the free energy are 
normalized to 1 and 0. The white “X” (identified by the brown squares on x and y axis) 
denotes the maximum of the free energy landscape. Probabilities 0.6κ >  lead to a sharp shift 
in the position of the energy maximum towards the region of high specificity (elevated values 
of cHAT but low values of cLAT). 
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Target Sequence (5’-3’) K  at 44°C [107 1/M] 
  on surface in bulk 
PM AAG-GAT-CAG-ATC-GTA-A 90 ± 50 20 ±5 
MM1 AAG-GAT-CAC-ATC-GTA-A 6 ± 1 1.3 ±0.5 
MM2 AAG-GAT-CAG-ATC-GCA-A 40 ± 20 20 ±4 
MM3 AAG-GAT-CTC-ATC-GTA-A 1 ± 0.1 - 
MM4 AAA-GAT-CAG-ATC-GAA-A 10 ± 3 - 
PM* GGG-CAG-CAA-TAG-TAC 200 ± 30 - 
MM* GGG-CAG-CTT-TAG-TAC 200 ± 80 - 
 
 
Table 1 Sequences and experimentally determined binding affinities of all target molecules 
under study. The perfect matches (PM, PM*) are complementary to the probe sequence. The 
(mismatched) targets MM1 and MM2 possess a single non-complementary base, targets 
MM3, MM4, MM* possess two of them. The mismatch in MM* is degenerate, and this may 
well explain the similar binding affinity compared to PM* [12]. Surface immobilisation of the 
probes does not lead to a significant modification of the relative binding affinities compared 
to bulk [12]. 
 
 
 
 
HATK  LATK  HAT LATK K   [kcal/mol]j   [kcal/mol]J   [kcal/mol]hΔ  
73.20 10⋅  61.88 10⋅  17.02 0.3 1.7 0.7 
 
 
Table 2 The values for j , J and ∆h need to be qualitatively comparable to the Nearest-
Neighbor energies [26]. We choose the parameters in such a way that the ratio of the 
theoretical binding constants 	K
HAT K LAT corresponds to the measured value 	K PM K MM1  from 
individual hybridization experiments (Table 1). The table shows the parameter set used 
throughout our numerical assessment, as well as the resulting binding constants for T = 317 
K.    
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Figure 1: 
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Figure 2: 
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 Figure 3: 
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Figure 4: 
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Figure 5:  
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S1.1 TIRF, optical path 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig.	S1:	TIRF,	optical	path.	
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S1.2: FCS optical path 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.	S2:	FCS	setup,	optical	path		
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Fig.	S3:	Labeling	of	PM	(a)	and	MM1	(b)	for	FCS.	Probe	and	target	are	tagged	with	the	fluorophore	 Cy-3	 and	 the	 respective	 quencher	 Cy-5	 in	 the	middle	 of	 the	 strands.	 The	non-matching	base	in	the	mismatching	duplex	is	shown	in	red.	
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S2: Extended Langmuir formalism 
S2 Extended Langmuir formalism  
 
Fig.	S4:	FCS	Correlation	function	of	PM-probe	and	MM-probe	in	bulk	without	competition.	a,	The	breathing	fluctuation	dynamics	of	the	PM	duplex	(black)	and	the	MM1	duplex	(blue)	are	measured	at	room	temperature	 in	 thermal	equilibrium	and	 fitted	with	Eq.	1	(red	 line).	At	room	temperature	we	obtain	 similar	 characteristic	 relaxation	 time	 constants	 ( 0.823 msPMτ = , 1 0.931 msMMτ = )	 b,	 Same	experiment	 at	 44°C.	 In	 this	 case,	 the	 fluctuation	 spectra	 of	 the	 two	 molecules	 clearly	 differ	 (
0.963 msPMτ = ,	 1 1.28 msMMτ = ).	 τ PM < τ MM1 	.	We	interpret	the	result	that	the	PM	duplex	spends	more	time	in	the	closed	confi uration	compared	to	MM1.	
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S2 Extended Langmuir formalism  
 
In the case of comparable target and probe concentrations ( )[ ] [ ]T P≈ , we need to take into 
account the reduction of molecules in solution during the hybridization reaction. We extend 
the well-known Langmuir description by taking into account concentration changes of single 
strands in solution that arise from hybridization (23). 
 
The hybridization reaction follows 
 
 
[P]+ [T ]!
k −
k+
[D] , (S1) 
 
where [ ]P  and [ ]T  are the concentrations of probe and target molecules, [ ]D  is the 
concentration of duplexes. k+  and k−  are the association and dissociation rates of the reaction. 
Assuming first-order kinetics, this leads to: 
 
 ( )( )0 0
[ ( )] [ ] [ ( )] [ ] [ ( )] [ ( )]d D t k P D t T D t k D t
dt + −
= − − −  (S2) 
 
 
where 0[ ]P  and 0[ ]T  correspond to the initial concentrations of probes and targets at 0t = . 
The equilibrium solution ia 
 
 
2
0 0 0 0 0 0
1 1 1[ ] [ ] [ ] [ ] [ ] 4[ ] [ ]
2eq
D T P T P T P
K K
⎛ ⎞⎛ ⎞⎜ ⎟= + + − + + −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 (S3) 
   
where /K k k+ −=  is the binding affinity of the target molecule T.  
 
 
The binding affinity K  depends on the binding free energy GΔ  of duplex formation  
 1( ) exp exphyb
hyb hyb
G H SK T
RT R T R
⎛ ⎞ ⎛ ⎞Δ Δ Δ∝ = ⋅ −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
  (S4) 
 
hybT  is the temperature where hybridization is performed, HΔ  and SΔ  is the change of 
enthalpy and entropy upon duplex formation, and 1 11.987 cal mol KR − −= ⋅  is the molar gas 
constant.  
 
 
In the case of the competitive hybridization of two non-interacting target species A and B,  
  
 ( )( )0 0[ ( )] [ ] [ ( )] [ ] [ ( )] [ ( )] [ ( )]
A
A A A B A Ad D t k A D t P D t D t k D t
dt + −
= − − − −   (S5) 
50 
 
 
  
 
 ( )( )0 0[ ( )] [ ] [ ( )] [ ] [ ( )] [ ( )] [ ( )]
B
B B B A B Bd D t k B D t P D t D t k D t
dt + −
= − − − −  (S6) 
 
 
For 0[ ] [ ] [ ( )]
A
eqA A D t= −  and 0[ ] [ ] [ ( )]
B
eqB B D t= −  the stationary solution is  
 
 
 0
[ ] [ ]
[ ]
[ ] [ ] 1
A
eqA
eq A B
eq eq
P A K
D
A K B K
⋅ ⋅
=
⋅ + ⋅ +
 (S7) 
 
 
The ratio of bound non-interacting targets with the combined Eq. (S4) and Eq. (S7) is 
 
 
[ ] [ ] [ ]
exp
[ ] [ ] [ ]
A A
eq eq eq
B B
eq eq eq hyb
D A K A G
D B K B RT
⎛ ⎞ΔΔ= = ⋅ ⎜ ⎟⎜ ⎟⎝ ⎠
  (S8) 
 
 
where A BG G GΔΔ = Δ −Δ .  
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S3.1: Determination of individual target affinities using FRET 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.	S5	Determination	of	binding	affinities	for	the	target	molecules	PM,	MM1,	MM2,	using	FRET	in	 bulk	 at	 44°C	 (S1.5).	 The	 probe	 molecule	 (the	 PM	 complement)	 and	 the	 respective	 target	constitute	the	FRET	pair.	The	initial	probe	concentration	is	10	nM	in	all	measurements.	The	FRET	signal	 is	 normalized	 to	 its	 maximum	 value	 at	 a	 target	 concentration	 of	 100	 nM.	 Fitting	 the	extended	 Langmuir	 isotherm	 (Eq.	 (S3))	 to	 this	 data	 reveals	 the	 binding	 affinity	 K 	 of	 the	investigated	target	molecule	in	bulk.	The	binding	constants	are	in	units	of	1/M.	
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S 3.2 Determination of individual target affinities in bulk using TIRF 
 
 
 
 
 
 
  
Fig.	S6	Determination	of	the	individual	binding	affinities	of	the	target	molecules	PM,	MM1,	MM2,	MM3	and	MM4,	using	TIRF	at	44°C.	The	probe	is	the	PM	complement	in	all	cases.	A)	We		increase	 the	 target	 concentration	 (values	 given	 in	 nM)	 and	 measure	 the	 increase	 of	 the	fluorescence	intensity	when	it	reaches	the	equilibrium	value.	The	intensity	values	are	converted	to	duplex	 concentrations.	We	 increase	 the	 target	 concentration	 in	 a	 stepwise	manner	until	 all	probe	molecules	 are	 occupied	 and	 the	 surface	 is	 saturated.	B)	The	 equilibrium	 values	 of	 the	hybridization	signals	are	plotted	over	the	respective	target	concentration.	Fitting	the	extended	Langmuir	 isotherm	 (Eq.	 (S3))	 to	 this	 data	 reveals	 the	 binding	 affinity	 K 	 of	 the	 investigated	target	molecule.	The	binding	affinities	are	in	units	of	1/M).	
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S4.1 Time course of competitive hybridization using FRET 
  
Fig.	S7	Competitive	DNA	hybridization	in	bulk	at	44°C.	The	sequences	of	the	target	molecules	can	be	found	in	table	1	of	the	main	paper.	a,	‘PM	vs.	MM2’:	PM	and	probe	constitute	the	FRET	pair	while	MM2	is	not	labeled.	Increasing	the	MM2	concentration	to	1000	nM	results	in	a	reduced	PM	signal	compared	to	the	competition	free	case	(see	the	blue	and	orange	graph).	b,	‘PM	vs.	MM1’.	PM	and	Probe	constitute	the	FRET	pair	while	the	MM1	is	not	labeled.	A	concentration	ratio	of	[ ] :[ 1] 5 :1000PM MM = 	does	not	lead	to	a	detectable	decrease	of	the	PM-signal.	c,	‘PM	vs.	MM2’.	MM2	and	probe	constitute	the	FRET	pair,	while	the	PM	is	unmodified.	The	PM	concentration	increases	from	0	nM	(blue	graph)	to	20	nM	(orange	graph)	while	 the	 MM2	 concentration	 remains	 constant	 at	 100	 nM.	 Independently	 of	 the	 PM	 target	concentration,	the	MM2	FRET	signal	remains	the	same.	d,	‘PM	vs.	MM1’.	MM1	and	Probe	constitute	the	FRET	pair,	while	the	PM	is	not	labeled.	Unlike	in	(c),	a	slight	increase	of	the	PM	concentration	results	in	a	strong	 displacement	 of	 the	MM1	 target.	 For	 a	 concentration	 ratio	 [ 1]:[ ] 100 :10MM PM = 	 (green)	 and	
100 : 20 	(orange)	the	MM1	signal	drops	below	the	detection	limit.	
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S4.2 Time course of competitive hybridization using TIRF 
 
  
Fig.	S8	Competitive	binding	at	44°C	among	all	oligonucleotide	strands	listed	in	table	1	of	the	main	using	TIRF	and	surface	bound	probes.	Each	graph	shows	the	hybridization	kinetics	of	a	‘High	Affinity	Target’	 HAT	 in	 presence	 of	 a	 LAT	 ‘Low	 Affinity	 Target’	 at	 varying	 concentrations	 (see	 box).	 The	fluorescent	 signal	 from	 the	 targets	 is	 normalized	 to	 the	 equilibrium	 value	 from	 the	 individual	hybridization	without	competition	(i.e.	maximum	value	of	the	blue	curve).	The	initial	concentration	of	the	 HAT	 is	 5	 nM,	 except	 for	 the	 cases	 ‘MM1	 vs.	 MM3’	 and	 ‘MM4	 vs.	 MM1’	 where	 it	 is	 10	 nM.	We	compare	 the	 measured	 equilibrium	 values	 with	 the	 results	 of	 Eq.	 (S7)	 (filled	 symbols),	 using	 the	individual	 target	 affinities	 determined	 following	 S3.	 a,	 Standard	 specific	 systems.	 The	 equilibrium	duplex	concentration	of	the	HAT	decreases	by	increasing	the	concentration	of	the	LAT	and	the	results	follow	Eq.	(S7).	b,	Highly	specific	systems.	In	these	experiments	the	HAT	hybridizes	as	if	the	LAT	was	not	present	and	the	results	do	not	follow	Eq.	(S9).	
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S5 Competitive hybridization experiments with the oligonucleotides PM* and MM* 
 
 
Table S1: Sequences and binding affinities of PM* and MM*.  
 
Target Sequence (5’-3’) K [1/M] at 44°C 
PM* GGG-CAG-CAA-TAG-TAC 9(2 0.3) 10± ⋅  
MM* GGG-CAG-CTT-TAG-TAC 9(2 0.8) 10± ⋅  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.	 S9	 TIRF	 based	 competitive	 hybridization	 between	 PM*	 and	 MM*.	 The	 duplex	concentration	 of	 the	 PM*	 as	 a	 function	 of	 time	 for	 different	 concentrations	 of	 the	competitor	 MM*	 (compare	 legend)	 at	 a	 hybridization	 temperature	 of	 44°C.	 Filled	symbols	denote	the	results	of	Eq.	(S7)	using	the	binding	affinities	presented	in	table	S1.		
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S6  Melting temperatures  
 
 
Table S2 Melting temperatures of all target molecules hybridizing to the probe at a target 
concentration of 1 µM. The melting temperatures of PM and MM1 are measured values from 
the corresponding denaturation curves (see Fig. 2E of the main paper). The values for MM2, 
MM3 and MM4 are theoretical predictions by the Dinamelt web server for nucleic acid 
melting predictions (9) for a concentration of 0.57 M monovalent ions (3xSSC buffer).  
 
 
 
 
 
Target Tm [°C]  
PM 66 
MM1 53 
MM2 58 
MM3 48 
MM4 44 
PM* 67 
MM* 52 
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S7 Temperature dependence of the high specificity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S10 Amount of hybridized PM target as a function of time determined using TIRF, in 
the case of an individual hybridization (no competition, squares), and in the presence of 1 µM 
of MM1 as a competitor (triangles) for the temperatures 44 °C (A), 35 °C (B), and 30 °C (C). 
The PM target concentration is 5 nM in all cases. The PM molecular recognition remains 
highly specific, but at lower temperatures the influence of the competitor becomes more and 
more visible (green arrow). The degree of PM specificity diminishes with decreasing 
temperatures. However, standard specificity, described by a Boltzmann factor (filled triangle), 
is not reached in the temperature range under study. 
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S8 PM and MM1 melting curves  
We slowly change the temperature so that each data point is recorded at quasi-equilibrium. 
This is confirmed by the superposition of the heating and cooling curves (not shown). The 
recorded temperature dependent TIRF signal consists of two contributions, the amount of 
hybridized DNA and the temperature dependent efficiency of the dye. To separate the two 
parts we perform temperature ramps with a fluorescently labeled variant of the probe 
sequence immobilized to the surface (not shown). In this case the number of dyes excited by 
the evanescent field does not change with temperature and the observed linear dependence of 
the TIRF signal on temperature is a property of the dye alone. This contribution determines 
the linear baseline BL of the denaturation experiment. It is removed following Eq. (S9) to give 
the fraction of occupied binding sites θ  (0 1θ≤ ≤ ): 
 
 1 signal
BL
θ = −  (S9) 
  
Fig.	S11	Arrhenius-Plot	of	the	melting	transition	of	PM	(black	squares)	and	MM1	(blue	circles).	The	 graph	 shows	 the	 logarithm	 of	 the	 binding	 constant	 K 	 as	 a	 function	 of	 the	 inverse	temperature	 1/T .	 The	 corresponding	 denaturation	 curves	 are	 shown	 in	 Fig.	 2E	 of	 the	 main	paper.	The	contribution	of	the	temperature	dependence	of	the	fluorescent	dye	is	eliminated	with	Eq.	(S9).	The	red	lines	are	linear	fits	to	the	experimental	data.	They	reveal	the	values	of	enthalpy	
HΔ 	and	entropy	change	 SΔ 	(e.u.	=	entropic	units	=	kcal/(mol·K))	of	the	transition.		
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S9 Thermodynamic equilibrium conditions  
 
 
  
Fig.	S12	Verification	of	thermal	equilibrium	conditions.	a,	Surface	based	competitive	hybridization	experiment	with	 the	 target	molecules	PM	and	MM1.	The	graph	shows	 the	 fluorescent	signal	 from	the	PM	(blue)	and	MM1	(black)	as	a	function	of	time.	At	 0t = 	we	introduce	the	target	solution.	The	concentration	ratio	between	PM	and	MM1	is	5:1000.	After	equilibration	we	alternately	decrease	and	increase	 the	 temperature	 (vertical	 lines),	 and	we	observe	 that	 the	 initially	measured	 equilibrium	values	 for	PM	and	MM1	are	 reached	again.	Note	 that	 the	varying	hybridization	 signals	 at	 varying	temperatures	 consist	 of	 two	 contributions,	 the	 amount	 of	 hybridized	 DNA	 and	 the	 emission	characteristics	 of	 the	 dye.	 b,	 Surface	 based	 displacement	 experiment.	 After	 priming	 the	 probe	molecule	surfaces	with	MM1	targets	 ( 0[ 1] 10 nMMM = ,	we	replace	 the	 target	solution	with	a	 two-component	mixture	consisting	of	MM1	(10	nM)	and	PM	(10nM).	Priming	the	surface	neither	affects	the	kinetics	nor	the	equilibrium	values	of	the	PM.		
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Fig.	 S13	Long-term	 stability	 of	 the	 competitive	 hybridization	 equilibrium	 between	 PM	 and	MM1	 in	bulk.	We	follow	the	hybridization	signal	of	both	molecular	species	over	a	time	period	of	one	week	in	order	to	rule	out	relaxation	on	long	time	scales.	We	perform	this	measurement	in	bulk	using	the	FRET	setup.	a,	PM	and	probe	constitute	a	FRET	pair,	while	MM1	is	not	labeled.	b,	MM1	and	probe	constitute	the	FRET	pair,	while	the	PM	is	not	 labeled.	The	fluorescence	 intensities	remain	constant	over	a	time	period	of	at	least	one	week,	confirming	the	equilibrium	situation.	
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S10 Simple occupation of probe molecules by HAT and LAT 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
Fig. S14 Amount of target molecules attached to surface bound probes as a function of time as 
determined in a TIRF based measurement. All targets are labeled with the fluorescent dye Cy-5. 
Bulk concentrations are 50 nM of PM. (left) individual hybridization of the PM, (right) 1 µM of 
the MM1 competitor molecule added. Competitive hybridization does not lead to a measureable 
increase of surface occupation. The quantity of bound targets corresponds to the quantity of 
surface bound probes. In most experiments the bulk PM concentration is 5nM, accordingly not all 
of probes molecules are occupied by the PM.  
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S 11  Competition in binding as a function of the LAT MM position  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
  
  
Fig. 15 . Variation of the mismatch position within the low affinity target (LAT) sequence. Starting 
from the third base, the position of the erroneous nucleotide (red) is advanced base by base to 
position fourteen. The mismatching base of the LAT corresponds to the base of the complementary 
probe molecule (for instance the mismatching base is a C if the pairing base of the probe is a C). 
Fig. S16 The amount of PM hybridized to surface based probes as a function of time - without 
competition (black) and in presence of 1 µM of a LAT competitor (blue). PM concentration in bulk is 
5  nM. The non-matching base is varied from position three (3) to position fourteen (14), following the 
scheme of Fig. 13c. The mismatch in position 14 produces the standard specific case described by a 
Boltzmann factor. 
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S12 Specificity increase in theory and experiment 
 
The surface occupancy HATθ  is evaluated as a function of the LAT concentration, following 
 
 
0
[ ] ·[ ]
[ ] ·[ ] ·[ ] 1
HAT HAT
eq eqHAT
HAT LAT
eq eq
D K HAT
P K HAT K LAT
θ = =
+ +
  (S10) 
 
    
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S17: HAT probe occupancy at the highest experimentally LAT concentrations that could be 
realized. The graph shows the surface occupancy of the HAT, HATθ , as a function of the LAT 
concentration [ ]LAT  following Eq. (S10), compared to the individual hybridization ( 0[ ] 0LAT = ) in a 
TIRF experiment. The HAT concentration is 5 nM in all cases. The filled symbols are the 
experimental values for the highly specific competitive system “PM vs. MM1”, for MM1 
concentrations up to 100 µM. For higher concentrations the target solution becomes too viscous to 
handle without damaging the hybridization chamber. The solid curves correspond to the predictions of 
the numerical assessment for HATθ , using the predicted binding affinities HATK  and LATK . Individual 
hybridization without competition (black curve, 0pΔ = , 73.2·10HATK = , 61.88·10LATK = ) and 
competitive hybridization (blue curve, 4p JΔ = , 67.97·10HATK = , 36.06·10LATK = ). The specificity 
increase observed in the experiment corresponds to the theoretical binding affinities in competition for 
4p JΔ = . 
